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Cells are largely compartmentalized into numerous interacting organelles with dedicated functions in lipid metabolism, energy generation, or protein turnover. In the past, each organelle has been considered as an isolated unit with an individual proteome, membrane composition, and shape. However, this view is changing rapidly as organelles communicate via contact sites, fuse directly with each other, or correspond via vesicular carriers. Each of these processes disturbs the initial individual character of each organelle and they thus need to be tightly controlled and regulated.
Within the endomembrane system, which includes the endoplasmic reticulum (ER), Golgi, endosomes and lysosomes, vesicular transport contributes substantially to protein and lipid transfer between organelles. Vesicles serve as carriers of selected proteins and are formed with the support of dedicated coat proteins, taking along the corresponding membrane, which may be enriched in certain lipids due to their association with cargo proteins. Depending on the machinery, the carriers can be either round or tubular; regardless of morphology, however, all carriers need to carry or acquire the necessary machinery to fuse with the acceptor organelle.
Whereas mitochondrial and ER fusion is carried out by large GTPases of the dynamin family, vesicle fusion at endomembranes requires a conserved fusion machinery consisting of Rab GTPases, membrane-bound SNARE proteins (which are found on both of the fusing membranes), and chaperones of the Sec1/Munc18-like (SM) protein family. Recent insights into the mechanism of fusion revealed that the core fusion machinery also requires a heterogenous group of Rab effector proteins -named multisubunit tethering complexes -for effi cient fusion. In this Primer, we summarize the current mechanistic understanding of the that shuttle between an inactive cytosolic and active membrane-bound state. They have an amino-terminal G domain, a hypervariable fl exible linker, and a carboxy-terminal prenyl anchor. At the time of generation or during recycling, Rabs are loaded with GDP and are thus inactive. A GDP-dissociation inhibitor (GDI) binds both to the GDPbound GTPase domain and to the prenyl anchor to keep the Rab soluble. At organelle membranes, a specifi c guanine nucleotide exchange factor (GEF) interacts with the GDP-bound Rab, destabilizes the nucleotide-binding pocket and thus promotes exchange of the released GDP for the more abundant GTP. At the same time, the GDI is displaced, leading to membrane insertion of the Rab. Similar to observations on pathogen-encoded GEFs, hostencoded GEFs also represent the minimal machinery required to promote this process. Whether this process is supported in vivo by other membranebound proteins remains to be clarifi ed. To promote effi cient GTP hydrolysis and Rab inactivation, Rabs depend on an interaction with a specifi c GTPaseactivating protein (GAP). The resulting GDP-bound Rabs are then a substrate for GDI and can be thus recycled.
In the GTP-bound form, so-called switch regions of the Rab GTPase become stabilized by the -phosphate of GTP and thus provide a stable binding site for effector proteins. The activated Rab-GTP can bind a number of effectors, including cytoskeletal proteins, enzymes, or lipid kinases. Here, we focus only on the family of tethering proteins and the role of Rabs in membrane fusion. Rab GTPases seem to mark the position of fusion by binding to these multifunctional coordinator complexes, which strongly promote fusion.
Coiled-coil tethers vs. multisubunit tethering complexes
Long coiled-coil proteins were among the fi rst characterized Rab effectors and are thus often considered in cell biology textbooks as the paradigm of tethering proteins. Indeed, long coiledcoil proteins can promote fusion, though are found only on the Golgi complex and early endosomes, which in some organisms are part of the trans-Golgi network. Their main function could be the capturing of distant vesicles toward an otherwise coated organelle. Recent Primer conserved fusion machinery and then focus on the emerging principles used by multisubunit tethering complexes to promote membrane fusion.
The core membrane fusion machinery Membrane fusion is anything but a spontaneous process. Intracellular lipid bilayers consist of membrane lipids that carry hydrophilic head groups and hydrophobic tails and thus form a hydrophobic core that is highly hydrated with water on the luminal or cytoplasmic surface. Any fusion factor therefore needs to bypass this obstacle.
The core fusion machinery can zipper two membranes into close proximity, displace the hydration layer, and thus promote effi cient fusion. Dedicated analyses by genetics and in vitro experiments uncovered a family of (mostly) carboxy-terminally membraneanchored proteins with a homologous domain, named the SNARE domain, as the crucial engine that drives fusion. SNARE proteins reside on all endomembranes, yet form only a defi ned number of fusion-competent SNARE complexes, for which four SNARE domains need to interact. The resulting SNARE complex is the product of a folding reaction, in which the unfolded SNARE domains assemble into a stable coiled-coil structure with a hydrophilic core of three glutamine residues and one arginine residue and six or seven hydrophobic interaction layers fl anking the hydrophilic core along the SNARE domain to promote membrane fusion. The recycling factors -SNAP and NSF act thereafter, using ATP consumption to drive the disassembly of SNARE complexes and allow reuse of individual SNAREs.
However, effi cient SNARE-mediated fusion in vitro required either high SNARE protein concentrations on membranes, or preassembly of a subset of SNARE proteins, implying that effi cient fusion in the cell is likely to be assisted by other factors. Indeed, SM proteins strongly promote fusion. Structural studies have shown that SM proteins can bind individual SNARE proteins from opposing membranes in a conformation that favors SNARE complex formation, providing a mechanistic understanding of how SNARE assembly is chaperoned in cells. This structural feature of long coiled-coil tethers strongly differs from multisubunit tethering complexes, which can only bridge distances of some 30 nm. Multisubunit tethering complexes can be divided into two different groups: exocytic CATCHR complexes (conserved complexes associated with tethering containing helical rods) and endolysosomal class C Vps complexes ( Figure 1A,B) . All complexes of the exocytic branch of the endomembrane system consist of evolutionarily related -helical proteins. Based on the astonishing similarity of the structure of their characterized subunits, the four identifi ed complexes have been grouped as CATCHR complexes. These complexes have particular localizations in yeast and mammalian cells: Dsl1 (comprising three subunits) at the ER; COG (comprising eight subunits) at the Golgi; GARP and EARP (comprising four subunits) at the trans-Golgi network; and exocyst (comprising eight subunits) at the plasma membrane. Interestingly, Munc13 is an essential protein in neuronal exocytosis that also contains a CATCHR domain.
The two hexameric endolysosomal class C Vps multisubunit tethering complexes, HOPS and CORVET, were initially identifi ed in yeast. Both complexes share four common subunits, which were termed class C Vps subunits due to the aberrant vacuole phenotype caused by their deletion. Apart from the SM protein, all subunits share a similar architecture with an amino-terminal -propeller and a carboxy-terminal -solenoid. This extended architecture has strong similarity to components of vesicle coat proteins (COPI, COPII and clathrin) and the nuclear porins.
Recent work has shown that, despite their evolutionarily distinct origin, CATCHR and class C Vps multisubunit tethering complexes share similar features, suggesting common principles by which multisubunit tethering complexes might stimulate membrane fusion.
Rab function in localization of multisubunit tethering complexes
Most multisubunit tethering complexes depend on Rab GTPases for their localization, which in turn require GEFs for their activation. As GEFs are suffi cient to drive initially GDI-bound cytosolic Rabs to membranes and promote fusion, GEF localization is likely a key event in the fusion cascade. GEFs probably take advantage of several cues, such as phosphatidylinositol phosphates (PIPs), upstream Rabs, or Rab-binding proteins, to arrive at the right membrane. This leads to the organization of Rab cascades, in which a previously acting Rab recruits the GEF for the next Rab, and so on. Several in vivo analyses have provided evidence consistent with such an order of events, yet the details of the underlying molecular mechanisms are not completely understood. In this context, GEFs are required to allow organelle maturation or progression of the secretory pathway.
Of the CATCHR complexes, COG has several Rab-binding sites ( Figure 1B ), GARP interacts with Rab6/Ypt6, and exocyst with Rab8/Sec4 and two Rho GTPases (Rho1 and Cdc42). The only exception is the Dsl1 complex at the ER membrane, which in yeast has so far only been reported to bind SNARE proteins, although it interacts with Rab18 in mammalian cells. The class C Vps complexes show a strict specifi city for either early or late Rab GTPases in the yeast endosomal system ( Figure 1A) . CORVET binds to the Rab5-like protein Vps21 at endosomes via its specifi c subunits Vps3 and Vps8. HOPS, however, carries Vps41 and Vps39, which interact with the Rab7-like protein Ypt7. HOPS and CORVET complexes seem to be conserved in function, though may not always use the same small GTPases or interaction partners to get to their site of action in higher eukaryotes. For instance, Drosophila CORVET seems to function as a 'miniCORVET' of four subunits ( Figure  1A) , and mammalian CORVET only functions on a subset of endosomes. A metazoan Vps16b-Vps33b complex, possibly together with other binding partners, is required on lysosome-related organelles ( Figure 1A ). The mammalian HOPS complex binds directly to the Arl8 GTPase via its Vps41 subunit, and to the Rab7 effectors PLEKHM1 and RILP via Vps39.
While the interacting GTPase of each multisubunit tethering complex may differ, the overall principle of their function is likely similar. Formation of a fusion site can therefore be considered as initial signal integration through a Current Biology 28, R367-R420, April 23, 2018 R419
GEF, which in turn activates its cognate Rab, leading to multisubunit tethering complex recruitment and establishment of fusion sites.
Structural fl exibility of multisubunit tethering complexes
As the name suggests, multisubunit tethering complexes were initially suggested to establish the initial contact between incoming vesicle and target membrane. Because they contain two binding sites for their cognate Rab, both HOPS and CORVET can cluster Rab-decorated membranes, in support of their tethering function. Importantly, HOPS is so far the only tethering complex whose function has been dissected with reliable fusion assays.
In particular, careful reconstitution of SNARE-mediated fusion by the Wickner laboratory revealed that the HOPS tethering complex is an essential part of the fusion machinery in the presence of physiological SNARE concentrations. So far, individual subunits as well as subcomplexes of multisubunit tethering complexes have been crystallized, whilst negative-stain EM studies of the overall architecture have revealed the positioning of individual subunits relative to each other. What is apparent from these fi ndings is that the complexes are rather fl exible in isolation, although this may change on membranes or in the presence of ligands. Indeed, two different structures of HOPS have been determined. HOPS forms a compact structure if isolated under high salt conditions and after mild crosslinking, but is much more open when analyzed under normal salt conditions without crosslinking ( Figure 1C ). As mild crosslinking did not change the structure of previously analyzed complexes, the two different structures may refl ect different conformations during the HOPS reaction cycle.
For the CATCHR complexes, only negative-stain EM images are available, which makes it impossible to compare them adequately. However, a prevailing observation is the fl exibility of their solution structure. Whereas Dsl, COG and GARP seem to adopt multilegged assemblies, the exocyst was shown to form a bundle-like structure of helical rods ( Figure 1B,D) . Two distinct conformations -a starlike, open arrangement and a bundlelike arrangement -have already been observed in early investigations of the exocyst by deep-etch EM ( Figure 1D) . Also, for the Dsl complex, different conformations have been reported, although in all cases it is not clear how these conformations can be interpreted in the context of tethering and fusion.
It therefore remains to be determined whether the different conformations observed for multisubunit tethering complexes are merely the result of different sample preparation strategies or whether they refl ect distinct functionally important structural states. Capturing apposing membranes in an extended or open conformation and bringing them together through transition into a closed state could support a tethering function. Further investigations are needed to test whether open and closed conformations are functionally signifi cant.
Role of multisubunit tethering complexes in SNARE assembly
Multisubunit tethering complexes link the regulatory Rab machinery to the SNARE fusion machinery. One central role of HOPS is its ability to chaperone local SNARE assembly via the SM protein Vps33 (Figure 2) . The Vps33 subunit is found in all class C Vps complexes, revealing the importance and potential conservation of this mechanism. In addition, these complexes have the ability to bind SNARE proteins via the regulatory domains at other sites.
Importantly, some CATCHR complexes have also been reported to associate with SM proteins and to contain binding sites for individual SNARE proteins. The yeast exocyst subunit Sec3, for instance, binds the SNARE Sso1 and promotes release of the autoinhibited SNARE conformation to stimulate fusion. Strikingly, synaptic SNARE-driven fusion also depends on the SM protein Munc18 together with the Ca 2+ -responder synaptotagmin, the tethering factor Munc13, and the SNARE-interacting complexin protein.
Fusion is only fast if all four factors act together. The CATCHR-related Munc13 This suggests that multisubunit tethering complexes not only chaperone SNARE assembly, but also provide the necessary volume at the fusion pore to catalyze the transition from SNARE assembly to fusion pore opening.
General role of multisubunit tethering complexes in membrane fusion
Based on our knowledge of multisubunit tethering complex function at several membranes, we envision that they might all act using the following general principles (Figure 2 ): GEFmediated activation of a Rab localizes a multisubunit tethering complex to the right membrane; multisubunit tethering complexes recognize the other membrane via a second binding site, possibly for another Rab, and thus tether the two membranes; multisubunit tethering complexes have several SNARE-binding sites and promote the local assembly of SNARE proteins into four-helix bundles in collaboration with an SM protein; due to their large size, the SNARE-bound multisubunit tethering complex drives fusion pore expansion and subsequent bilayer and content mixing.
Open questions
While such a model for multisubunit tethering complex function during fusion is consistent with many in vivo and in vitro observations, it has one major caveat: most conclusions rest on the detailed analysis of the yeast HOPS complex and its Rab, Ypt7, in the context of vacuole fusion. It will therefore be important to demonstrate that other multisubunit tethering complexes can also promote fusion and to work out the detailed requirements of Rabs and SNARE proteins for each stage of the fusion process. We so far also believe that multisubunit tethering complexes act as one unit during fusion, although we cannot exclude the possibility that local dynamics or (dis)assembly contribute to fusion effi ciency. It should also be noted that SM proteins are subunits of only the HOPS and CORVET complexes and that other complexes need to recruit the SM protein. Whether this occurs before or after tethering by these complexes needs to be dissected in detail. This also leaves open the question of whether tethering is more than just the bridging of two membranes. The unexpected observation that large proteins or complexes apart from the endogenous HOPS complex can promote fusion pore opening by providing volume between two membranes reveals that our mechanistic understanding of the function of multisubunit tethering complexes is far from complete. Likewise, recent observations on an active role of the SNARE recycling machinery functioning at the same time or after multisubunit tethering complexes at fusion sites need further exploration. Future experiments are required to determine the precise function of multisubunit tethering complexes in the fusion cascade, their turnover, and their exact regulation.
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